Abstract-The Position Readout and Survey system of the LHC collimators has to monitor in real-time (RT), at a frequency close to 100 Hz, the position of the 555 synchronized axes with an accuracy of 20 jim. Radiation hard Linear Variable Differential Transformers (LVDT) are used as absolute position sensors for their ruggedness, intrinsic accuracy and infinite resolution. Because of the radioactive environment the conditioning electronics is located in safe zones up to 800 meters far from the sensors. In these conditions, standard conditioning techniques cannot guarantee the accuracy requested by this application because of cable impedance, noise immunity, crosstalk between signals of different sensors passing in the same cable, temperature stability. A fully digital approach based on a sine-fit algorithm has been followed and will be described showing the excellent results measured up to now. Particular attention is devoted to the RT implementation of the algorithm on the PXI platform from National Instruments.
I. INTRODUCTION
T he high luminosity performance of the LHC relies on storing, accelerating, and colliding beams with unprecedented intensities. The energy density of the nominal beam is 1000 times higher than previously achieved in proton storage rings. Tiny fractions of the stored beam suffice to quench a super-conducting LHC magnet or even to destroy parts of the accelerator. More than 100 collimators will therefore be installed to protect the machine from uncontrolled particle losses, and to absorb energetic particles out of the nominal beam core [1] .
An LHC collimator consists of two 1-meter long blocks that can be made of different materials (graphite, copper, tungsten) depending on their position in the lattice.
Each jaw can be moved on both ends by stepping motors that can position it at a well defined angle and distance with respect to the nominal beam trajectory. The required accuracy of positioning is one tenth of the beam core diameter, which at nominal energy will be of the order of 200 micrometers. We therefore assumed as project parameter for the accuracy 20 micrometers.
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The stepping motors are controlled in open loop, in the sense that they follow predefined trajectories without feedback from a position sensor. The trajectories are sent to the low level control system by a Central Supervisory System (CSS) application coordinating all the collimators [2] . The concept of open loop control is based on the precision of the cinematic chain that has been designed to be free of mechanical play. Every collimator is tested before installation to verify that the mechanical play and the non linearity of positioning remain below 20 micrometers on every axis.
However in order to ensure the level of machine safety required by the LHC, an independent Position Readout and Survey (PRS) module has been defined in the low level control system to verify in real time the actual position of the jaws. Depending on the type and energy of the circulating beams, the PRS will be enabled to trigger a beam abort in case of discrepancy between the desired and the measured position of the jaw.
The PRS is based on radiation tolerant linear LVDTs specifically designed and built for this project by Measurement Specialties Inc. On each collimator up to seven LVDTs have to be monitored, four of which will measure the absolute position of each jaw's end, one the collimator's vertical position. The two remaining sensors will measure the distance between the jaws to build a certain level of redundancy and fault tolerance in the system. Each PRS will control up to three collimators. Overall, the PRS systems will have to monitor in real time more than 700 LVDTs. All the PRS systems have to be synchronized to a trigger coming from the supervisory collimator control system at the start of a motion profile.
With the nominal motor speed of 400 steps per second, and a reduction factor of 2 mm/revolution, a survey frequency of 100 Hz is required to detect position errors not exceeding 20 ptm.
The most challenging problem in ensuring the required accuracy is given by the environmental conditions of the LHC. Due to the high level of radiation expected in the proximity of the collimators (several MGrays/year), no electronics can be embedded in the sensors or in the motors. On top of that, radiation safe alcoves for the installation of the driving electronics can be up to 1 km far from the collimator itself, generating a complex matching problem for the conditioning electronics. The impedance of the cable can in fact transform on long distances the impedance of the sensor from inductive to capacitive. Standard off the shelf conditioners do not generally provide a wide range of tuning to cover cable distances from 20 meters up to 800 meters as required for the LHC collimators, while preserving a satisfactory stability and accuracy of positioning. In the following sections we will review the state of the art in LVDT conditioning techniques, and put in evidence the pros and cons of the different approaches.
We will then detail our original approach that allowed us at the same time to cope with long cables and to feed up fig. 1 . By applying a voltage sinewave to the primary, a voltage will be induced in the secondaries. The differences between the two secondary voltages will depend linearly on the displacement of the central moveable core.
If we call x(t) the LVDT feeding signal at frequency f0:
The two secondary signals can be expressed as:
y1 (t) = A1 (x) cos(2<ft + 0 ) (2) y2 (t) = A2 (x) cos(2f0t + 02 )
Where the amplitude of y, and y2 depend on the LVDT sensitivity and on the position of the LVDT core. B. State ofthe art on the conditioning techniques The LVDT is generally used either in a 4-wire or in a 5-wire configuration.
In the 4-wire configuration the signal at the output terminals is the difference of the secondary windings. The 4-wire LVDT does not have a center tap available. As the magnetically permeable core is moved from the center position, the magnetic coupling between the primary and one secondary coil increases, while the other simultaneously decreases. Therefore, the difference between the two output signals is a non-zero sine wave with amplitude proportional to the core position.
The 5-wire configuration includes an additional wire which represents the connection point (center tap) for both secondary windings, allowing the individual measurement of the voltage at each secondary winding with respect to the center tap.
The traditional technique of LVDT signal processing consists in a synchronous demodulation of the differential secondary voltage with respect to the primary [3] . The effect of noise with frequency components far from the frequency of the sinewave sent to the primary is reduced. Fluctuations of the primary signal amplitude are also eliminated at the first order. Nevertheless, most of the LVDT's present a phase difference between the signal applied to the primary and the signal resulting from the difference between the two secondaries. The angle depends on the operating point.
The differential secondary voltage can be expressed as:
Where A(x) depends on the LVDT core position. The synchronous demodulation is obtained by multiplying by the carrier x(t) and low pass filtering: A(x) cos(o/2) As a result the LVDT position depends on the phase difference (p which in turn depends on the cable length used to drive the sensor. A manual tuning is therefore needed at installation to compensate the phase error related to different cable lengths. This is the case for instance of the integrated circuit AD698 from Analog Device [4] .
Some digital techniques have been developed to estimate with a PLL the phase error in order to correct it automatically [5] . This approach provides a greater accuracy, but they maintain the same original dependence on cos(p). Near the null point, say for measurement below 500 of the Full Scale (FS), the variability of (p increases and moreover, since the differential secondary signal is very low, it will be heavily affected by noise, at the point that phase recovery may become impossible. In addition in our application the long cables between sensors and electronics transform the impedance seen by the conditioner from inductive to capacitive. In this situation phase recovery would require a very sophisticated algorithm.
The AD598 IC performs an asynchronous demodulation to correct the effect of uncertainty in the null position [6] . It works with a 5-wire configuration and is based on ratiometric conditioning dividing the difference of the LVDT secondary (4) voltages by their sum. This ensures a compensation of the amplitude drift on the excitation signal. The noise immunity of this solution is not better than that obtained with a synchronous demodulation especially if it is used in a 4-wire configuration [7] . Ratiometric conditioning however implies that the sum of the two secondaries has to be independent of the position of the LVDT core not to affect the measurement linearity.
Spectral techniques, for instance the one based on Goertzel algorithm [8] , are characterized by a higher noise immunity but suffer of the spectral leakage problem. A window on the sampled signal has to be applied in the frequency domain to reduce this error.
III. THE NEW CONDITIONING TECHNIQUE PROPOSED
None of the techniques mentioned above were fully satisfactory for our purposes. The requirements on accuracy and speed of acquisition imposed to adopt a technique highly immune to external noise. Moreover, the wide range of cable lengths from the sensor to the electronics (25 m up to 800 m) imposed to have a technique that allows a wide range of tuning without the need of local intervention. We proposed to use a sine fit algorithm [9] to reconstruct the response from the LVDT secondaries and then use the ratiometric formula (5) to compute the absolute position. The details are below.
A. Ratiometric conditioning The position reading of the LVDT is based on a ratiometric decoding of the two secondary voltages. The ratio is given by:
Al (x) + A,(
The design of the LHC collimator LVDTs guarantee a constant sum (A1+A2) over the useful positions range (±40 mm).
The amplitude demodulation has been performed with a sine fit algorithm [IEEE etc ] because it is an asynchronous demodulation so it does not suffer of the phase error problem. As 
where K, q, 0 are given by: 
2) Immunity to Crosstalk
In order to save on cablings (more than 200 km of cables have already been pulled in the LHC for the collimation project), the seven LVDTs of a single collimator are all connected to the conditioning electronics through the same multiwire cable. A cross talk between different channels can be expected. The frequency response of the SineFit algorithm has been characterized in order to evaluate the influence of a sinusoidal perturbing signal on the amplitude estimate.
The algorithm performs an average of the instantaneous amplitude over the acquisition period (i.e. the time needed to acquire the N samples of the signal, 5 ms in our case). Let y(t) be the generic sine tone with variable amplitude described by y(t) = A(t)sin(2)f0t) , (15) Under the assumption that A (t) varies slowly with respect to fo, at the survey time t5k the algorithm will return the value expressed in (15): Hz, N=2000, fs=250 kS/s SineFit algorithm.
IV. THE POSITION READOUT AND SURVEY SYSTEM
A. General Description The PRS is responsible for checking the coherence of actual jaws positions of up to three collimators with those expected by the CSS. To increase the overall reliability of the control system, the PRS is required to be independent from the MDC (Motor Drive Control), the low level control module that directly controls the movement of the stepping motors by sending the STEP and DIRECTION signals to their power drivers, and by reading the angular position ofthe motors from resolvers mounted on their axes, in order to quickly detect lost steps. To make it independent, the PRS runs on a different machine than the MDC.
Two National Instruments PXI chassis with two different controllers are therefore attached to one, two or three collimators and host one the MDC and the other the PRS. The oy(N) = aeb" two PXI chassis are completely independent, and do not directly communicate with each other. DIM servers installed on each of them provide connectivity to the CERN middleware CMW and exchange commands and data with the CSS through the CERN framework FESA (Front End Software Architecture).
The PRS monitors the position of the jaws through the up to seven LVDTs installed on each collimator at a rate of up to 100 Hz. Such a high rate is necessary to ensure that the relative position of two jaws in different collimators remains unchanged during the execution of a movement function within a tolerance of 20 micrometers. The maximum speed of the motor will in fact be of one revolution per second, for a linear movement of 2 mm/revolution.
Measurements in a laboratory with metrology palmers have shown that the reading from the PRS, once each LVDT has been properly calibrated, is accurate to within less than 10 micrometers at normal pressure and temperature even with cable lengths up to 800 meters. In addition, the sensors themselves have been designed to have a negligible thermal sensitivity. Gradients of more than 30 degrees (well above what is expected on an LVDT in the LHC) produce a measurement drift below 10 micrometers.
The PRS fulfills then the requirements on accuracy as a result of the excellent noise rejection and independence from non linearity of the sensor of the sine fit algorithm combined to ratiometric conditioning, as well as of the careful design of the sensor and of the collimator mechanical parts. The fulfillment of the requirements on the time response is instead the merit of the real-time architecture used and of the RT optimization of the conditioning algorithm combined to the performance of the real-time platform chosen for the implementation, the National Instruments PXI.
B. The hardware architecture The hardware architecture of a PRS for 3 collimators has already been described in details in ref. [XX] . The description is here summarized for convenience, and shown in Fig.3 All the signals sent to or coming from the LVDTs are interfaced through custom Europa cards to ensure at the same Every signal coming from the analog outputs of the 7831 card is split on three different lines in the Europa cards, and then amplified individually through buffer amplifiers to properly drive each sensor over the long cables. In case of fault on a power stage of one of the collimators, the two others will not be affected.
The same FPGA card is also responsible for the synchronization of all the DAQ cards on the precise 10 MVlhz clock distributed to all the PXI chassis as well as for the synchronization of the motion survey process for each collimator on the trigger signal sent by the CSS.
A 250 kHz clock for all the DAQ cards is generated by the FPGA from the CLK/10 on the RTSI bus used as reference clock. The start of the readout and survey loops for each collimator is triggered respectively by the signals TRGO, TRG1 and TRG2 on the RTSI bus generated by the FPGA at reception of a trigger from the CSS. the readout and survey of three collimators is shown in Fig. 4 , The CPU command listener waits for commands or settings sent by the CSS on the related DIM services. The event recognition loop has 1 ms cycle time and the highest priority to ensure negligible reaction time. At reception of the request of motion profile survey, it prepares upper and lower limit arrays for each axis according to the boundary function sent by the CSS. The limits represent thresholds for triggering a beam abort. A linear interpolation is applied to update the threshold value each 10 ms. An acknowledge is then sent to the CSS to inform it that the PRS is ready for the profile survey and is waiting for the hardware trigger.
The synchronization of the reading and survey process on the CPU is performed by the FPGA card (task L VDTs excitation reading and synchronization). As soon as the trigger is received from the CSS a 100 Hz clock is generated on the RTSI trigger line related to the collimator to survey. This accurate timing signal synchronizes the CPU task that performs the LVDTs reading and the comparison with the associated thresholds. This approach guarantees that the jitter on the LVDTs reading will not exceed 100 microseconds, the error on position reading will therefore remain well within specifications.
The position readout and survey task on the CPU performs the processing of the signals of the 7 LVDTs installed on the collimator using a ratiometric conditioning. The time needed to execute a full reading cycle for all the 21 LVDTs of one collimator using 2000 samples for each signal has been measured to be 1.5 ms with a jitter below 50 microseconds.
2) Optimization for RT implementation
The frequencyfo is known therefore the matrix D in (9) connected to the board B. At each reading cycle two matrices come from the DMA to be multiplied with the fit matrices. Figure 6 describes the reading and survey task for a single collimator.
D. Software performances Figure 8 shows the statistics for the parallel readout of 3 To take into account the possibility of noise generated by the stepping motor drivers power electronics we added noise on one secondary of the LVDT using the experimental setup of fig. 10 . We applied square wave noise at 9 kHz and 18 kHz, since the LHC motor drivers work at a chopping frequency of 18 kHz and sub-harmonics may be present due to the PWM control; the main sub-harmonic involved is the half order [6] . The square waves have been generated with a SRS DS-360 frequency generator; to add the "noise" to the useful channel a Single Ended-Differential mixer has been built, since the output of the DS-360 is single ended while the LVDT's signals are differential. The ratio between the standard deviation of the position reading at various SNR level and the standard deviation when no noise is applied has been evaluated. The reference standard deviation comm is measured with the mixer connected and the generator switched off.
The experimental results are summarized in fig.11 . The immunity is very good for all the reasonably expected value of the SNR. F. Multiple L VDTs reading characterization Finally the performances of the overall system have been measured in the nominal conditions. A multiwire 500 m long cable has been used to connect the 21 LVDTs of 3 collimators to the PRS. Fig.12 shows the amplitude spectrum of a LVDT secondary channel measured with an Agilent E7405 EMC Analyzer. As expected all the other LVDT's frequencies were detected. The amplitude of the tones is 60 dB below the main tone, however the effect of these spurious tones is negligible since the frequencies are chosen to be orthogonal. Figure 13 show statistics for some LVDTs connected both with short cable and 500m long cable. The standard deviations of the readings are all below 1 
